New biomaterials that have the ability to locally suppress an immune response could have broad therapeutic use in the treatment of diseases characterized by acute or chronic inflammation or as a strategy to facilitate improved efficacy in cell or tissue transplantation. We report here on the preparation of a modular peptide amphiphile (PA) capable of releasing an anti-inflammatory drug, dexamethasone (Dex), by conjugation via a labile hydrazone linkage. This molecule self-assembled in water into long supramolecular nanofibers when mixed with a similar PA lacking the drug conjugate, and the addition of calcium salt to screen electrostatic repulsion between nanofibers promoted gel formation. These nanofiber gels demonstrated sustained release of soluble Dex for over one month in physiologic media. The Dex released from these gels maintained its anti-inflammatory activity when evaluated in vitro using a human inflammatory reporter cell line and furthermore preserved cardiomyocyte viability upon induced oxidative stress. The ability of this gel to mitigate the inflammatory response in cell transplantation strategies was evaluated using cell-surrogate polystyrene microparticles suspended in the nanofiber gel that were then subcutaneously injected into mice. Live animal luminescence imaging using the chemiluminescent reporter molecule luminol showed a significant reduction in inflammation at the site where particles were injected with Dex-PA compared to the site of injection for particles within a control PA in the same animal. Histological evidence suggested a marked reduction in the number of infiltrating inflammatory cells when particles were delivered within Dex-PA nanofiber gels, and very little inflammation was observed at either 3 days or 21 days post-implantation. The use of Dex-PA could facilitate localized anti-inflammatory activity as a component of biomaterials designed for various applications in regenerative medicine and could specifically be a useful module for PA-based therapies. More broadly, these studies define a versatile strategy for facile synthesis of self-assembling peptidebased materials with the ability to control drug release.
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Introduction
One major challenge in the field of biomaterials is to develop strategies to combat the innate host inflammatory response [1, 2] . Many commonly used biomaterials, including collagen and alginate, elicit some cell-mediated immune response at the implantation site [3e7] . Though a mild innate immune response is part of the normal healing process following implantation of a foreign material, such a response could prove detrimental when combined with the delivery and transplantation of fragile cells, islets, or tissue [8e11] . Using biomaterials to deliver therapeutic cells adds additional factors that could influence the inflammatory response, including issues of cell source or transplant location. For example, strategies delivering autologous cells as therapy for cardiovascular disease have demonstrated limited efficacy, resulting in part from the enhanced inflammatory environment of ischemic tissue [12] . Islet transplantation to combat type 1 diabetes mellitus, meanwhile, relies on allogeneic (or even xenogeneic) tissue sources, which makes managing the inflammatory response paramount for effective therapy [11] .
Strategies to combat immune-destruction of transplanted islets have included immunoisolation through encapsulation in biomaterials, but such strategies have demonstrated only limited success thus far as the construct size is often too big for injection and the encapsulation results in limitations to nutrient and oxygen transport [13e15] . The development of new materials that actively mitigate the local host immune response and facilitate improved efficacy in cell or tissue transplantation therefore remains an important objective.
One approach that has been used to modulate the host immune response is to design biomaterials with controlled release of antiinflammatory drugs such as dexamethasone (Dex), a potent steroidal anti-inflammatory and immune response-suppressing drug [16] . In addition, Dex is known to be an important signaling molecule to promote differentiation in bone marrow-derived stromal cells and mesenchymal stem cells [17e21] . In order to harness its anti-inflammatory function or to stimulate stem cell differentiation, non-covalent Dex incorporation and release has been included in the design of a number of biomaterials [22e27]. Several constructs incorporating this drug have been evaluated in vivo, demonstrating a significant reduction in the post-implant inflammatory response to a material [28] and also promoting osteogenesis in transplanted stem cells when its release is combined into the delivery scaffold [29, 30] . In a few instances, biomaterials have been designed to control the release of Dex using covalent attachment via hydrolyzable linkages, including hydrazones and lactide esters, which are labile in aqueous conditions to release the free drug [31e35] .
Over the last decade, our group and others have investigated self-assembling peptide-based materials for applications in regenerative medicine, drug delivery, and cancer [36e46]. In particular, our group has focused on a class of molecules, termed peptide amphiphiles (PAs), which contain a short peptide sequence covalently attached to a saturated alkyl tail and selfassemble into fiber-like nanostructures [47, 48] . The assembly of these molecules occurs through hydrophobic collapse of their alkyl tails and hydrogen bonding leading to the formation of bsheet structures near the core of the nanofiber [49, 50] . On the end opposite the hydrophobic tail, PAs can be synthesized to contain a bioactive peptide designed to interact with biological targets such as cell receptors [51, 52] , biopolymers [53, 54] , or proteins [55] . In other systems, PAs can be integrated with commonly used biomaterials such as collagen or poly(L-lactic acid) [56, 57] . The conserved amphiphilic molecular design enables the modular construction of PA nanofibers that combine different PA molecules within the same assembled nanofiber as a way to multiplex different bioactivities or optimize the spacing of bioactive ligands [55, 58] .
We report here the design, synthesis, and function of a PA that could allow controlled release of Dex through the use of a hydrazone linkage. While previous attempts to combine drug release with PA technology have focused on solubilizing hydrophobic drugs in the lipid core of the assembled fiber [59e61], this approach using covalent attachment via a hydrazone could facilitate enhanced control over the kinetics of drug release [62, 63] . A Dex-releasing PA (Dex-PA) could potentially be easily integrated with other bioactive PAs to therapeutically reduce or eliminate the immune response. In this work, a PA conjugated with Dex was synthesized and PA nanofiber gels were prepared that could release the soluble drug over a period of several weeks. Using in vitro methods, we evaluated the anti-inflammatory and cytoprotective activity of released Dex. Finally, an in vivo model was used to evaluate the ability of the Dex-PA to mitigate the inflammatory response to cell surrogate microparticles delivered within a Dex-PA nanofiber gel.
Materials and methods

Dex-PA synthesis
Rink Amide MBHA resin and Fmoc-protected amino acids were purchased from EMD. Dex was purchased from Spectrum and used as received. All solvents were ACS reagent grade and purchased from Mallinckrodt. Other peptide synthesis reagents were purchased from commercial sources and used as received. 1-[N, N, N 0 -Tris((tertbutyloxycarbonyl))hydrazide]-adipic acid (HAA(Boc) 3 ) was synthesized as previously described and used to synthesize a PA containing a free hydrazide, as also described previously, from Rink Amide MBHA resin using standard solid phase synthesis conditions [62] . Scheme 1 illustrates the process to synthesize a peptide with a free hydrazide using standard solid phase peptide synthesis methodology. For each amino acid coupling, 4 equiv. of Fmoc-protected amino acid was added using 4 equiv. HBTU and 6 equiv. DIEA in DMF (HBTU ¼ O-benzotriazole-N,N,N 0 ,N 0 -tetramethyluronium-hexafluorophosphate; DIEA ¼ N,N-diisopropylethylamine; DMF ¼ dimethylformamide). Fmoc removal was accomplished with 30% piperidine in DMF. For addition of HAA(Boc) 3 , Fmoc-Lys(Mtt)-OH was added to the resin, and the Mtt group was removed on resin by agitation in 4% TFA and 4% TIPS in CH 2 Cl 2 (TFA ¼ trifluoroacetic acid; TIPS ¼ triisopropylsilane). The resin was briefly washed with 5% DIEA in DMF, then HAA(Boc) 3 (2.5 equiv) was added with 2.5 equiv HBTU and 4 equiv DIEA in DMF. The palmitic acid tail was added using the same conditions as the Fmoc-amino acids. The PA was cleaved from the resin using a peptide cleavage solution of 95% TFA, 2.5% TIPS and 2.5% H 2 O. Concentration of the cleavage solution in vacuo and precipitation of the residue into cold Et 2 O afforded the crude product, which was purified by preparative HPLC on a Varian Prostar 210 HPLC system, eluting with a gradient of 2% ACN to 100% ACN in water on a Phenomenex C18 Gemini NX column (150 Â 30 mm) with 5 mm pore size and 110Å particle size. 0.1% NH 4 OH was added to both mobile phases to aid PA solubility. Product-containing fractions were confirmed by ESI mass spectrometry (Agilent 6510 Q-TOF LC/MS), combined, and lyophilized after removing ACN by rotary evaporation. MS (M þ H): calc'd: 1123.72; found: 1123.72. The control PA (sequence: C 16 eV 2 A 2 E 2 ), which was also used to dilute the Dex-PA and facilitate nanofiber gel formation, was synthesized and purified by similar methods, as described previously [62] .
Dex-PA was synthesized by condensation of hydrazide-PA with Dex. First, purified hydrazide-PA (35 mg) was taken up in TFA (400 mL) then precipitated with cold Et 2 O (15 mL). The mixture was centrifuged and the solvent was removed. The solids were suspended again in Et 2 O (15 mL) and centrifuged. After solvent removal the solids were dried under vacuum to constant mass. DMSO/MeOH (400 mL, 1:1 v/v) was added to the dried hydrazide-PA, followed by Dex (16 mg) and acetic acid (3 mL).
The reaction mixture was sonicated at 50 C for 1 h and then allowed to sit in a water bath at 50 C overnight. A robust gel formed and was taken up in 3 mL hexafluoroisopropanol (HFIP) with stirring and sonication. The HFIP was then removed by rotary evaporation and the DMSO solution was taken up in 0.1% NH 4 OH and purified by HPLC as described above. Product containing fractions were combined and lyophilized. MS (M þ H): calc'd: 1497.91; found: 1497.92.
Structural characterization
TEM samples were cast from 0.1 wt.% solutions in 2 mM NaOH onto carbon film on copper 300 mesh TEM grids (Electron Microscopy Sciences). Samples were then stained with a 2% solution of uranyl acetate in water. Images were taken on a JEOL 1230 TEM with an accelerating voltage of 100 kV using a Gatan 831 bottommounted camera.
Scanning electron microscopy (SEM) was performed using a Hitachi S4800 SEM with a 5 kV accelerating voltage. A 50 mL solution of a 1 wt.% Dex-PA/control PA mixture (1:9) was prepared and then gelled by the addition of 10 mL of a 50 mM CaCl 2 solution. The sample was fixed in 2% glutaraldehyde and 3% sucrose in PBS for 30 min at 4 C followed by sequential dehydration in ethanol. It was then dried at the critical point and coated in 8 nm osmium prior to imaging.
Drug release studies
A mixture of Dex-PA (157 mg) and control PA (C 16 eV 2 A 2 E 2 , 1418 mg) was prepared by mixing both PAs from stock solutions in HFIP at 10 mg/mL. Lyophilization of the HFIP solution on a Schlenk line afforded a white powder containing 10% Dex-PA. The powder was taken up in 10 mM NaOH (157.5 mL) and divided into 6 aliquots of 25 mL each in Eppendorf tubes. Each solution was individually gelled with 5 mL CaCl 2 (50 mM) and allowed to stand overnight at room temperature. 150 mL PBS was added on top of each gel and the tubes were sealed and stored at 37 C. At each timepoint, the entire release solution was removed and replaced with fresh PBS. No degradation of the gel was apparent over the course of the study. A physical mixture control was also prepared by identical methods except that in this group soluble Dex at an amount equivalent to that used in the Dex-PA group was mixed with a 10 mg/mL solution of the control PA. Dex content in the release media was quantified by measuring absorbance at 242 nm using an M5 Spectramax Plate Reader (Molecular Devices). The average of the 6 samples is shown, with error bars corresponding to the standard deviation of the cumulative release.
Inflammatory cell assays
For experiments involving THP-1 human monocytes, a NF-kB reporter cell line designed to produce secreted embryonic alkaline phosphatase (SEAP) upon inflammatory activation was purchased from Invivogen (San Diego, CA). These cells were cultured in RPMI 1640 (2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES and 1 mM sodium pyruvate) with 10% FBS (non-heat inactivated), 100 mg/mL Normacin, 1% Pen-Strep, and 200 mg/mL Zeocin. PA solutions at 1 wt.% of Dex-PA/control PA (1:9), control PA with an equivalent concentration of free Dex (physical mixture), and control PA alone were prepared in HFIP and lyophilized. PA solutions were then dissolved in Hank's balanced salt solution containing 10 mM NaOH. To prepare gels, 25 mL of PA was combined in a 96-well U-bottom plate with 5 mL of 50 mM CaCl 2 . Cells were isolated from culture, centrifuged, and resuspended in RPMI 1640 media with 10% heat-inactivated FBS and no additional additives at 1.5 million cells/mL. To the U-bottom wells containing the PA gels, 200 mL of the cell suspension was added. This was followed by a 10 mL addition of 10 mg/mL E. coli-derived lipopolysaccharides (LPS) solution in PBS or 10 mL of PBS for the negative control wells. Plates were incubated for 24 h at 37 C. After incubation, 20 mL of the media was collected from each well, placed into a flat-bottom 96-well plate, and mixed with 180 mL of Quanti-Blue ALP substrate (Invivogen). The plate was incubated at 37 C for 2 h and absorbance was read at 635 nm on a standard plate reader. Absorbance values were normalized to control media and the inflammatory response was expressed as the normalized increase in SEAP activity as a fold-increase compared to this control. Two separate experiments were averaged for a total of N ¼ 14 for þ LPS conditions and N ¼ 6 for eLPS conditions, with the difference in N owing to the baseline response in all groups in the absence of LPS.
Cardiomyocyte oxidative stress assay
H9c2 cardiomyocytes were cultured in high glucose DMEM containing 10% heatinactivated FBS and 1% penicillin/streptomycin. Cells were plated at 4000/well in a 96-well plate and cultured overnight. The following day, media was exchanged for growth media containing 500 mM hydrogen peroxide and cells were cultured for 2 h.
Control cells were treated with growth media without hydrogen peroxide. Following the 2-h hydrogen peroxide exposure, media was removed and replaced with growth media for the controls or growth media supplemented with 1 mM Dex-PA or free Dex.
After 24 h, an MTT assay (N ¼ 8) was performed to quantify number of viable cells in Scheme 1. Outlined is the general procedure to orthogonally incorporate a tri-Boc-protected hydrazide (HAA(Boc) 3 ) in peptides synthesized on resin via addition to a selectively deprotected lysine residue. Standard procedures for solid phase peptide synthesis (SPPS) can be performed before and after addition of the protected hydrazide and, in the case of PA synthesis, a palmitic acid tail is coupled following stepwise peptide synthesis. Upon cleavage from the resin, a PA containing a free hydrazide is obtained which can be purified and then condensed with the ketone of dexamethasone (blue) to form the hydrazone-linked drug conjugate, termed Dex-PA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) each well. Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was dissolved at 500 mg/mL in growth media, 200 mL was added to each well, and the plate was incubated at 37 C for 4 h. After this time, the media was removed and the plate was dried. Once dry, 200 mL of DMSO was added to each well; the plate was mixed for 1 h, and absorbances of each well were read on a microplate reader at 570 nm, with a background control wavelength of 630 nm. The absorbance of the untreated control condition was set to 100% and the readings for the remaining wells were scaled to this value. For imaging, a two-color Live/Dead stain (Invitrogen) was used to stain live cells with Calcein AM (green) and dead cells with ethidium homodimer (red).
Live animal in vivo imaging of inflammatory response
In order to evaluate the ability of the Dex-PA to suppress an immune response to transplanted cells, we used a subcutaneous implantation model in hairless SKH1-E mice (Charles River Laboratories, Inc). Unfunctionalized 20 mm polystyrene particles (Polysciences, Inc) were used as a cell surrogate and were chosen for their known capacity to promote an immune response [64] . The size was chosen to be on the order of a cell but also too large for macrophage endocytosis. Particles were washed 3 times in ethanol, with centrifugation and supernatant aspiration following each wash, and were finally rinsed once in saline to remove excess ethanol. The particle pellet was resuspended in a 1 wt.% solution of either the control PA or a 9:1 mixture of the control PA with Dex-PA at a final polystyrene particle content of approximately 13.7% by weight. The PA/ particle solutions were injected subcutaneously into the flanks of anesthetized mice using a 50 mL syringe by filling the syringe first with 5 mL of a 1 M CaCl 2 solution, followed by 25 mL of the PA/particle solution, and finally another 5 mL of the 1 M CaCl 2 solution. Each animal received one injection of particles suspended in the control PA on the left flank and one injection of particles suspended in the 9:1 PA mixture containing Dex-PA on the right flank. To image the acute inflammatory response, we used live animal imaging on an IVIS Spectrum bioluminescence imager. At three days following implantation of materials, animals were anesthetized with isoflurane and administered an intraperitoneal injection of 5 mg luminol sodium salt (Alfa Aesar) at 50 mg/mL. Mice were then transferred to the imaging chamber and were maintained on a plane of anesthesia using a nose-cone manifold for the duration of imaging. Luminol emits a photon of light as it reacts with reactive oxygen species, the production of which is a component of the inflammatory response. This experiment is commonly used to monitor the host inflammatory response to biomaterials by luminescence imaging [28, 65, 66] . Bioluminescence images with small binning and an exposure time of 3 min were collected and overlaid on a black and white photograph for aid in visualization. Prior to imaging, a marker was used to mark the skin of the animal for ease in locating the material in the images. Quantitative results were prepared from images collected 21 min after luminol injection, which corresponded to peak luminescent signal for these studies and is consistent with previous findings [66] . To quantify the inflammatory response, a circle (180 pixels in area) was drawn around the injection site of each material along with a representative background area using the accompanying IVIS Living Image 4.0 software package. Total flux (photons/second) was calculated for each region of interest, and background-subtracted values were generated from these quantities. In total, quantified data was obtained in 9 animals from two separate experiments conducted two weeks apart. One animal was not included in the quantification because of unexplained elevation in the background luminescence compared with the other 9 animals in the study. These studies were conducted under a protocol approved by the Northwestern ACUC.
Histological evaluation
To corroborate findings from the in vivo imaging, half of the animals used for luminol-based detection of inflammatory response were sacrificed at 3 days and the other half were sacrificed at 21 days in order to view the response to the implanted materials at early and later timepoints. Briefly, animals were sacrificed by CO 2 asphyxiation, and skin that contained the injected material adherent to its underside was isolated. Tissue was fixed in formalin for 3 days, following which it was processed by standard methods, embedded in paraffin, and sectioned. Sections were performed with the skin on-edge to view the interface between the material and skin and were taken at several points throughout the thickness of the material. Samples were stained with H&E and were evaluated using a standard upright histology microscope for any notable histological observations. Representative images from this evaluation were collected at 40Â using a color camera mounted on the microscope.
Statistics and data analysis
Cell culture data were analyzed using a one way analysis of variance (ANOVA) with a Bonferroni multiple comparisons post-hoc test. Results from in vivo imaging were analyzed using a two-tailed Student's t-test with significance of P < 0.05. Statistical analysis was performed with the aid of Graphpad InStat v3.1a.
Results and discussion
PA design and characterization
The Dex-PA was designed to release free Dex over time in physiological conditions through the use of a hydrolyzable hydrazone linkage. Briefly, tri-Boc-hydrazido adipic acid (HAA(Boc) 3 ) was synthesized as previously described [62] and added to a PA with the sequence C 16 eV 2 A 2 E 2 K via the ε-amine of the lysine residue on resin after selective removal of an Mtt protecting group on the lysine. Following cleavage in 95% TFA, a stabile hydrazide was generated. After purification by HPLC, the hydrazide-containing PA was condensed with Dex to form the hydrazone-linked drug through the ketone on Dex. The structure of the resulting hydrazone-linked Dex-PA is shown in Fig. 1A . This procedure, outlined in Scheme 1, is readily amenable to the standard solid phase synthesis of PAs or other peptide-based materials, and could be broadly used to conjugate virtually any ketone-or aldehyde-containing drug to any suitably derivatized peptide. The conjugated drug product was purified by HPLC to remove unreacted PA and excess Dex. Transmission electron microscopy (TEM) imaging showed that the pure Dex-PA assembled to form short nanofibers (Fig. 1C) . The bulky and hydrophobic Dex component on the hydrophilic end of the PA molecule likely prevents the pure Dex-PA from assembling into long nanofibers via the highly ordered molecular packing of traditional PA designs, such as that seen for the control PA (sequence: C 16 eV 2 A 2 E 2 , Fig. 1B and D) . However, when Dex-PA is diluted 1:9 by mixing with this control PA, the high aspect-ratio assembled nanofibers formed are consistent with typical PA nanofiber assemblies (Fig. 1E) . It is likely that mixing with the control PA enables the formation of supramolecular nanofibers with Dex conjugates spaced sufficiently for the PA molecules to pack and assemble into high aspect-ratio nanofibers. An important feature of PA nanofibers is their ability to form robust gels by charge screening. The Dex-PA, again mixed 1:9 with the control PA, was also able to form entangled nanofiber gel networks at 1 wt.% total PA under calcium ion screening conditions. Using scanning electron microscopy ( Fig. 2A) , we could visualize bundles of nanofibers that become entangled to form a three-dimensional gel network. This finding of robust calcium-induced gelation is consistent with our experience with other PA nanofibers that contain glutamic acids as solubilizing groups. It should be noted that here a simple control PA was mixed with Dex-PA but it is envisioned that the Dex-PA could be similarly mixed with other PA molecules containing specific bioactive epitopes for use in therapeutic applications.
Dex release from PA nanofiber gels
The Dex-PA could be a useful component in PA nanofiber therapy by enabling the creation of peptide nanofiber gels with controlled release of soluble Dex. Accordingly, nanofiber gels prepared with the control PA at the same composition used for SEM studies were formed in order to probe drug release kinetics of the hydrolytically labile Dex from the Dex-PA. Gels were incubated at 37 C in a release buffer (pH 7.4), which was collected and replaced with fresh buffer every 2 days for about one month. The absorbance of the collected buffer was measured at 242 nm and compared to a standard curve of Dex in order to determine the percent of the total Dex amount released over time. Though hydrazone bonds are more prone to hydrolysis in acidic environments, we studied release at physiologic pH to mimic the condtions the PA will be exposed to in vivo. As shown (Fig. 2B) , the Dex-PA gel displayed minimal burst release and zero-order release kinetics with sustained release over this 32-day study. By the end of this time, approximately 40% of the total Dex was released from these gels and no visible change in the gel was observed. As expected, free Dex mixed with the control PA demonstrated a greater burst release at the initial timepoint and also had a faster release profile. While the physical mixture gel also released Dex for the entirety of the study, over 50% had released after just 5 days. The prolonged release from the Dex-PA gels validates the use of the hydrazone linkage to achieve prolonged Dex release at a steady rate. The Dex-PA nanofiber gels could therefore be useful to deliver a low and consistent dose of Dex for prolonged times, and indicates that these materials could have the release profile necessary for long-term localized anti-inflammatory activity. This strategy to use a hydrazone to control drug release kinetics could also be amenable to incorporation into the molecular design and solid-phase synthesis of many other classes of self-assembling peptide gelators [41,67e69] .
Anti-inflammatory activity in vitro
As previously mentioned, Dex is a potent anti-inflammatory and immunomodulating drug that has been broadly applied in a number of biomaterials strategies to mitigate immune response [22e27]. The Dex-PA has potential use as an injectable material for the localized and controlled release of Dex at a specific site owing to the increased retention in tissue of a PA nanofiber compared to the soluble drug. Moreover, the controlled release kinetics of the hydrazone linkage allow for prolonged release of Dex for over one month. In order to evaluate whether Dex released from the PA was active and able to function in an anti-inflammatory manner, we used a THP-1 human monocyte cell line engineered to produce SEAP upon activation of NF-kB. The THP-1 cell line has a number of pattern-recognition receptors, including toll-like receptors (TLRs), which are activated in the presence of a recognized antigen, resulting in the onset of inflammatory signaling by NF-kB [70] . Because these cells have been engineered to produce and excrete SEAP upon NF-kB activation, the media of these cells can be isolated and assayed for its SEAP content using a colorimetric alkaline phosphatase assay. In this experiment, PA gels were prepared at 1 wt.% PA from a 1:9 solution of Dex-PA mixed with the control PA, as was used in the release experiments. One control group was prepared containing only the gelled control PA mixed with unbound Dex in an amount equivalent to that used for the Dex-PA group. As a Dex-free control, a control PA gel alone was used. The non-adherent THP-1 cells were cultured in wells containing the gels and were stimulated with LPS derived from E. coli, which is known to be a potent TLR-4 agonist [71] . After 24 h, the excreted SEAP content in the media was determined using a colorimetric assay. The SEAP content for media where cells were cultured with PA gels alone without LPS stimulation was indistinguishable from cell-free media controls, indicating that none of the PA gels promoted an NF-kB-linked inflammatory response from the cultured cells in the absence of LPS and, further, suggesting no evidence of cytotoxicity or induction of THP-1 inflammatory cascades by the PAs themselves (Fig. 3) . When LPS was added to stimulate an immune response, cells cultured in the presence of the control PA gel showed a 7.4 fold increase in SEAP production compared to LPS-free controls. Meanwhile, cells cultured in the presence of Dex-PA gels (4.7 fold, P < 0.001) as well as gels produced with a physical mixture of Dex in the control PA (5.6 fold, P < 0.01) showed a significant reduction in SEAP levels, suggesting a decrease in LPS-induced NF-kB activation. Differences between the Dex-PA gel group and the Dex physical mixture group were not significant, indicating that the amount of Dex made available from the Dex-PA was sufficient to suppress the inflammatory response. These data demonstrate that free Dex released from the Dex-PA maintains its anti-inflammatory bioactivity and confirm results obtained from the same cell line demonstrating the antiinflammatory effects of Dex in the presence of LPS stimulation [72] . In order to amplify the anti-inflammatory effect observed, multiple signaling pathways could be affected through combination of Dex-PA with PA-based delivery of other anti-inflammatory drugs using a similar hydrazone strategy or in combination with anti-inflammatory gasotransmitters such as carbon monoxide, which we have recently demonstrated can be released from PAs modified to contain a ruthenium CO donor [73] .
The pathology of many diseases can be made more severe as a result of both acute and chronic inflammation in tissue. For example, the pro-inflammatory environment in the ischemic myocardium can promote necrosis and apoptosis of myocardial tissue and facilitate the formation of a non-contractile fibrotic scar [74e76]. In order to evaluate the potential for the Dex-PA to reduce tissue damage resulting from ischemia-linked oxidative stress, we used a common in vitro model to study cardiomyocyte apoptosis by culture with hydrogen peroxide (H 2 O 2 ), which is a representative reactive oxygen species [77, 78] . H9c2 cardiomyocytes were first stressed with H 2 O 2 and were subsequently treated with Dex-PA or soluble free Dex (Fig. 4) . Otherwise untreated cardiomyocytes exposed to hydrogen peroxide showed a viability of approximately 61% relative to a healthy control (assumed 100%). When Dex-PA was added following hydrogen peroxide treatment, viability was significantly improved, resulting in approximately 78% (P < 0.001 compared to controls) of cells remaining viable. The same effect was seen for the addition of soluble Dex, which significantly improved viability to approximately 83% (P < 0.001 compared to controls). There was no significant difference between treatment with Dex-PA and free Dex. However, if used in vivo, it is presumed that the delivery of Dex using the Dex-PA would provide a more localized and tissue specific drug release than delivery of the freely diffusible drug. We have previously explored PA-based growth factor delivery to treat myocardial ischemia [79] , and the addition of the Dex-PA module to such an approach could facilitate reduced myocardial scarring and improved hemodynamic function. Other strategies being explored to treat cardiovascular disease include PA delivery of therapeutic bone marrow-derived cell populations, which are known to have reduced viability as a result of the proinflammatory environment of ischemic tissue [52] . In the context of the results presented here, the Dex-PA could be a useful component for incorporation into injectable PA-based therapies designed to treat ischemic tissue in the myocardium or peripheral circulation through the delivery of bioactive signals or therapeutic cells.
Anti-inflammatory activity in vivo
Biomaterial-based delivery of therapeutic cells or islets could benefit from a strategy to mitigate the host inflammatory response and to promote transplant survival and function. The antiinflammatory properties of the Dex-PA, combined with its ability to form solid nanofiber gels, could therefore be useful to suppress the localized immune cell response without relying on systemic immune suppression. In order to evaluate whether the Dex-PA could be used as an injectable material capable of promoting localized immune suppression, we employed in vivo imaging methods that have allowed others to screen a number of biomaterials for cell-mediated inflammatory response in an array format within the same animal [28, 65, 66] . Polystyrene (PS) microparticles were used as a transplanted cell surrogate and were also used to stimulate an inflammatory response. These particles were delivered via subcutaneous syringe injection in a suspension of control PA (left flank) or a 1:9 mixture of Dex-PA with control PA (right flank) using an injection strategy to promote rapid calcium-induced gelation at the injection site. At 3 days post-implantation, luminol sodium salt was systemically administered. This technique enables the detection of reactive oxygen species, known to be part of an inflammatory response, when these species react with luminol resulting in the production of a detectable photon. As shown (Fig. 5) , PS microparticles delivered within the control PA resulted in a luminescent signal (62,500 photons/second) that was Fig. 4 . Evaluation of the effects of Dex-PA and soluble Dex on the viability of an H9c2 cardiomyocyte cell line challenged with oxidative stress by 2 h of H 2 O 2 exposure, followed by treatment with Dex-PA or controls. Viability was assessed 24 h following treatment by quantification using an MTT assay with data normalized to the untreated positive control (assumed 100%). Error bars denote standard error of the mean. Significance indicated for Dex-PA and Dex is in relation to both positive and negative controls. On the right are representative live/dead images (live ¼ green, dead ¼ red), also collected 24 h following treatment to illustrate the effects of each treatment on H9c2 viability. significantly greater (P ¼ 0.001) than that arising from PS particles delivered within the Dex-PA (7600 photons/second). This effect can be visualized in the representative images overlaying the luminescent signal on a black and white image from several mice in the study. In each animal shown, the location at which particles were injected within the control PA gel showed a strong luminescent signal. However, delivery of PS particles within Dex-PA did not result in a luminescent signal that was visibly elevated compared to the background. This result is interesting considering the distance between the two injection sites is on the order of 1 cm, indicating that the immune suppression resulting from the release of free Dex from the Dex-PA is limited to the area of material injection. A similar finding has been reported with Dex-loaded PLGA microspheres, where a high degree of drug loading suppressed the inflammatory response in a neighboring control injection site but lower drug loading only suppressed the immune response at the local area of injection [28] . The ability of Dex-PA to locally suppress the immune response at only the injection site could be useful in cell or islet delivery approaches and could obviate the practice of systemic immune suppression in allogeneic transplant strategies.
In order to corroborate findings from live animal imaging, tissue was harvested and evaluated by histology at either 3 days or 21 days following injection. It was our intention that the 3 day timepoint would allow us to view the acute inflammatory response concomitant with the time-course of in vivo imaging while the 21 day samples would give insight into the immune response at longer times. Representative images are shown (Fig. 6 ) from the tissue/ material interface for PS particles delivered within a control PA gel as well as those delivered within a Dex-PA gel. At 3 days this interface showed extensive immune cell infiltration when PS particles were delivered within the control PA. Evidence pointed to the development of some fibrotic tissue at the immediate interface, while a high density of infiltrating cells could be seen surrounding the PS spheres. However, tissue from the same animal of the implantation bed containing PS particles delivered within Dex-PA gels indicated only minimal infiltration of inflammatory cells. In this case, much of the staining in the interstitial area between PS particles is likely attributed to the PA gel, as PA materials are known to stain positively with eosin [7] . Also, the tissue/material interface showed no visible sign of inflammation or fibrosis and instead appeared to have a clean border between tissue and material. At 21 days the immune response in histology appeared very similar to the findings at 3 days. Though there was a notable decrease in the number of infiltrating cells for the control PA group at 21 days compared to the response at 3 days, there were still a large number of infiltrating immune cells and evidence of fibrotic tissue. There was also an apparent increase in the amount of matrix encasing the particles. Interestingly, at 21 days the inflammatory response to samples of PS particles delivered within Dex-PA appeared very similar to that at 3 days, with very few infiltrating cells and a clean material/tissue interface suggesting very little immune response to this material at longer timepoints following implantation. This finding is consistent with the prolonged release seen from our release studies and suggests that soluble Dex released from the PA may be suppressing the immune response to the PS particles both during the acute phase following implantation and over time. Taken together, the results from both in vivo imaging and conventional histology support our conclusion that the Dex-PA gel has the ability to provide localized anti-inflammatory activity and can be used as part of a therapeutic PA material to contribute immune suppression to the area of material or cell transplant.
Conclusions
We have described a peptide amphiphile conjugated covalently through a labile hydrazone bond to the steroidal anti-inflammatory drug dexamethasone. This material, along with similar drugconjugated peptide amphiphiles, could be useful as gel networks to provide prolonged and localized drug delivery at the site of injection. In this work, we showed through in vitro studies the cytoprotective and anti-inflammatory properties of this material. Additionally, in vivo studies in mice demonstrated the capacity of this PA to greatly reduce the localized acute inflammatory response without systemic immune suppression. Such drug-conjugated peptide amphiphiles could also be co-assembled with other bioactive peptide amphiphiles to enable integrated multi-component therapies for the treatment of disease, including myocardial infarction, or as a component of cell-delivery systems and could extend to a number of other PA-based therapies. The synthetic strategy reported here could furthermore be generalized to other targets in regenerative medicine and also adapted to other peptide gelator systems as it is highly amenable to solid-phase peptide synthesis and can conceivably be used to conjugate any ketone-or aldehydecontaining drug to virtually any peptide-based material.
